Aluminum foam is a light weight material with good mechanical and energy absorption properties. In this study, aluminum foam composite was fabricated using aluminum powder 6061 and silicon carbide (SiC) powder. Titanium hydride (TiH 2 ) was used as the foaming agent. Cold compact followed by hot pressing (sintering) was used to produce the composite precursor. Foaming was carried out, following the sintering process, by heating the aluminum composite precursor to a temperature above the melting point of aluminum (Al). The linear expansion of the foam and the percent porosity were found to increase as the SiC percentage decreased from 10 to 4%, whereas the density got lower. The percent porosity and linear expansion were both found to increase as the percentage of the foaming agent was increased from 0.5 to 1.5%. Compression stress was evaluated for two different porosity values (40% and 47%), and found to be higher for the samples with lower percent porosity at the same strain value. Effect of shape memory alloy fiber, made of nickel and titanium (NiTi), on the mechanical properties was also investigated. The compression stress was higher, in the densification region, for the samples in which NiTi was used.
Introduction
Due to the unique properties such as light weight, high stiffness and high energy absorption combined with good acoustic properties, aluminum foam, open and closed cells, is becoming an important material for energy absorption applications [1] [2] . It is a porous material with very low density, high strength and capable of converting the energy of impact into plastic energy and absorbs most of it at low stress [3] [4] [5] [6] . In addition to the good energy absorption during impact, aluminum foam also can exhibit stress wave attenuation, therefore, they prevent propagation of stress waves.
Several different manufacturing techniques and foaming processes, to produce closed-cell aluminum foam, have been utilized and reported in the literature. In a process, patented by Alcan International Limited, a gas, air or nitrogen, is injected into the aluminum melt to produce the foam [7] . The gas is trapped inside and produces closed cells foam upon quenching the liquid metal. In another process, developed in Japan and known by Alporas process, a blowing agent, titanium hydride (TiH 2 ) is mixed with the aluminum melt to form a homogenous foam mixture [8] - [13] . The decomposition of the TiH 2 releases hydrogen gas that causes expanding of the aluminum melt and forming of the metal foam.
Using the powder metallurgy compacting technique, patented by Fraunhofer CMAM, is another process in which the aluminum powder and the foaming agent are pre-mixed, cold compacted, and then sintered at a temperature below the decomposition temperature of the TiH 2 to form what is called foamable precursor [14] . The precursor then can be heated at a temperature above the melting point of the aluminum, releasing the hydrogen gas, and forming the aluminum foam [15] .
The powder metallurgy fabrication technique is the process that was used in this research to produce the aluminum foam and aluminum foam composite.
Induction heating was utilized to provide the heat necessary and produce the precursor. A good precursor density is important for the post foaming process. Therefore, it is necessary to have the right temperature and pressure during production of the precursor or the sintering process.
The incorporation of shape memory alloy fiber (SMA) into the aluminum matrix as a reinforcement, as demonstrated by a work previously done utilizing the same process, exhibited an increase in the absorbed impact energy, the absorbed energy during an impact test was almost three times of aluminum ( Figure 1 ) [16] . Therefore, a tougher aluminum composite was produced upon reinforcing the aluminum matrix with about 5% vol. SMA fiber and 5% wt. SiC.
The design concept of the tough-aluminum was based on using the shape recovery to induce the reverse phase transformation in order to create compressive residual stress inside the composite. Inducing compressive stress through shape memory effect is the reason behind the strengthening mechanism exhibited by the tough-aluminum composite. To explore their potential of increasing the absorbed energy and enhancing the impact toughness, SMA fiber was also incorporated in the aluminum foam in this investigation.
To enhance the ballistic properties, aluminum foam composite can be integrated with other material that has good ballistic properties, such as ceramics for example. Therefore, to obtain both good ballistic properties and high energy absorption, aluminum foam composite could be integrated with either a ceramic layer or a SMA-aluminum layer. For higher performance, the aluminum foam could also be sandwiched between the ceramic layer and the SMA-aluminum layer. Such kind of integration or hybrid material system could be utilized to The mechanical properties of the aluminum foam can be controlled by controlling its porosity. However, controlling the porosity and, consequently, reproducing the mechanical properties is still a difficulty facing the foam researchers. In this article aluminum foam and NiTi-reinforced aluminum foam composite were produced and their potential as energy absorption materials was investigated through evaluation some of their mechanical properties.
Materials and Method of Fabrication
The aluminum foam composite was produced using the powder metallurgy fabrication technique. Aluminum powder alloy 6061, supplied by Valimet Inc., with particle size-30 micron and chemical composition given in weight percent, presented in Table 1 , was used as the main foam matrix component. The foaming agent utilized, was a powder supplied by the Atlantic Equipment Engineering (AEE), with an average particle size-200 mesh with more than 98.8% titanium hydride (TiH 2 ). The other components of the foaming agent and their weight percentages are given in Table 2 .
The production of the aluminum composite started with making a homogenous mixture of aluminum powder (6061), silicon carbide (SiC) and titanium hydride (TiH 2 ), this was achieved by means of a laboratory scale roller mixer, supplied by Fasco Industries Inc. type U63 model 71637283. It is important to have a uniform foaming agent distribution or a homogenous mixture, nonuniform TiH 2 distribution could lead to a nonuniform cell sizes. Effect of the silicon carbide was investigated by changing its loading percentage from 4% to 10% (4, 5, 6, 7 and 10% wt.), whereas, effect of the titanium hydride was investigated through changing its percentage between 0.5% and 1.5% (0.5%, 0.6%, 0.7%, 1% and 1.5% wt.). The homogenous powder mixture was loaded in a stainless steel mold designed and machined specifically for this purpose. The mold with the powder mixture inside was slowly pressed using a MTS machine up to 220 MPa in order to compact the powder mixture (cold compact) and preparing it for sintering. The mold was then heated, using induction heating, to a temperature of 445˚C and held at this temperature for 30 minutes, during this time the pressure was kept at 220 MPa for sintering to take place. A thermocouple was inserted in the middle of the upper punch to monitor the temperature as close as possible to the sample. After sintering, the mold with the aluminum composite sample precursor inside, was quenched in water at room temperature, then the sample was removed from the mold. The demolding process was carried out by pushing the sample through the mold by the same MTS machine after placing the mold on top of a hollow cylinder. To carry out the foaming process, the precursor was then placed inside another cylindrical mold that has a diameter a little bit (0.5 mm) larger than the one that was used for producing the precursor.
The mold with the sample inside was placed in a preheated furnace at a temperature of 750˚C, which is above the melting point of aluminum, in order to allow the decomposition of the TiH 2, and releasing the hydrogen gas that was used to drive the foaming process. The sample was left in the furnace for 12 minutes.
After taking the mold out of the furnace, it was quenched in water from outside.
No water was allowed to touch the sample directly. Some cracks were developed in the samples that directly touched the water. powder, SiC and foaming agent was loaded on top of it. The two mixtures were separated by a thin sheet of aluminum foil. After sintering a one piece of precursor was produced as shown in Figure 10 , then the precursor was post heated at 750˚C for 12 minutes to initiate the foaming process.
Results and Discussion
The aluminum precursor produced, after sintering and before foaming, had the dimensions of about 31.3 mm in diameter and a height of about 14.5 mm. After heating to a temperature above the melting point of aluminum, it expanded, and the linear expansion percentage varied with the SiC and TiH 2 loading contents. Figure 3 shows the aluminum composite before and after foaming.
Effect of Silicone Carbide (SiC) on Porosity
Effect of SiC on the linear expansion was studied by varying the percentage of SiC in the powder mixture between 4% and 10%. It was found that the largest linear expansion did occur at the lowest SiC percentage utilized (4%), and it was about 134%. Evidently, and as it can be clearly seen in Figure 4 , the linear expansion increased as the percentage of SiC decreased from 10% to 4%. As a result of increasing the linear expansion, the cell size did get larger, thus the cell size was inversely proportional with the percentage of the SiC weight percent. As a result of varying the cell size, the density of the foam varied as well, and it did decrease from 1.2 to 1g/cm 3 . Since the porosity is expected to affect the mechanical properties of the foam, controlling the amount of SiC in the mixture is vital, and consequently, could be utilized to control the properties of the foam.
Effect of Titanium Hydride (TiH2) on Porosity
Effect of the amount of the foaming agent used was also investigated by varying its weight percentage between 0.5% and 1.5%. It was found to have a profound effect on the linear expansion; as the percentage of the foaming agent increased from 0.5% to 1.5%, linear expansion increased as well, and consequently, the porosity increased and as a result the density decreased, this is clearly demonstrated in Figure 5 . To delay the earlier decomposition of the blowing agent, it could be passivated; a process by which an oxide layer could be produced around the TiH 2 particles. This could be achieved by preheating the TiH 2 in air prior to mixing with the aluminum powder.
Having the right sintering conditions, as mentioned above, is a key factor in the post foaming process. Some preliminary results indicated that using the right conditions can produce a precursor with a density suitable for foaming. Precursor with low density is an indication of voids existence which could results in poor heat transfer inside the precursor, and consequently, longer time is needed for melting and foaming. It also could increase the chance of oxidation which means higher melting temperature.
Effect of Porosity on the Compressive Strength of Aluminum Foam
The ability of aluminum foam composites to absorb energy was assessed preliminarily through conducting compression test. Samples with a diameter of 32.9 mm and height of 20 mm, with and without SMA fibers, were machined from the original foam samples using electrical discharge machining (EDM). They were tested using a MTS testing machine at cross-head speed of 2 mm/min. The surface skin was retained from one side (bottom side). Both types of samples tested (with and without SMA fiber) did contain 5% wt. SiC. Figure 6 exhibits the shape and size of the compression test samples. Although the samples were cut from different foam batches, but the fabrication procedure, experimental conditions and materials were all the same. The engineering compression stress-strain curves are presented in Figure 7 . Porosity percentage (pct) is the difference between the two curves. The lower one has a percent porosity (P f ) of 47.6%
and a density of 1.36 g/cm 3 , whereas the upper curve has a relatively lower percent porosity value (40%) and higher density (1.6 g/cm 3 ). The stress-strain curves can be divided into three regions: linear elastic, collapse, and densification region.
In the first region, the deformation is elastic due to cell wall bending. In the second region, plastic collapse of the first cell wall occurs and the modulus drop while Figure 6 . Aluminum foam test sample for compression test. the specific stress keeps almost plateau or slightly increased up to 50% in the case of the higher P f sample. The sample with the smaller P f value (40%) experienced an increase in the stress with the strain in the same region until about 50% strain. Evidently the stress-strain curve of the sample with lower porosity and higher density, topped the stress-strain curve of the sample with higher porosity. The higher stress for the sample with lower porosity, in the third region, is because the deformation becomes highly localized and preceded by the advance of a densification front to the undeformed regions. Figure 8 represents the stress-strain curves for aluminum foam and NiTi-reinforced aluminum foam. The porosity in the two cases was the same (P f = 40).
Effect of Shape Memory Alloy Fiber on the Compressive Strength of Aluminum Foam
The upper curve represents the aluminum foam sample without NiTi fiber, whereas the lower curve represents the NiTi-reinforced aluminum foam sample.
The sample reinforced with the NiTi fiber exhibited a higher elastic modulus and a higher stress in the densification region than the sample without NiTi fiber. Therefore, effect of the NiTi fiber on the compressive strength appeared mainly in the first and third region. The second region, the collapse region, was almost identical. This is due to the fact that this region results mainly from the collapse of the aluminum foam cells.
A scanning electron micrograph of the fiber in the aluminum matrix is given in Figure 9 . Evidently there is a good adhesion and interfacial bonding between the fiber and the matrix. Since the foaming process was conducted at a high contributed positively to the mechanical properties of the aluminum foam composite. It has been found that the linear expansion increases with decreasing the amount of the SiC. A 5% wt. was the loading content used to produce the foam samples utilized in the testing. The compression test results indicated that the yield stress and the stress in both the collapse and densification region was higher for the lower porosity fraction or higher density foam. The shape memory alloy did contribute to the yield stress and the stress in the densification region. Although NiTi-reinforced samples showed a little higher stress in the collapse region, it was not significant, this is due to that fact the stress resistance in this region is mainly due to the collapse of the foam cells. Higher levels of fiber percentages in the foam need to be investigated. The stress-strain curves in Figure 8 demonstrate the strengthening effect produced by SMA short fibers upon incorporation in the aluminum foam composite. This is expected to increase the energy absorbing capacity of the composite under compressive loading.
Conclusions
Hybrid system of NiTi-reinforced aluminum (MMC) and aluminum foam composite (Al foam and SiC) was also successfully produced, however, its mechanical properties were never investigated. This system could be used as part of armor for energy absorption and ballistic protection.
